A band system ofjet-cooled Au, has been located in the near infrared region of the spectrum using resonant two-photon ionization spectroscopy. The origin band is located at 13 354.15 cm-' and the system extends more than 700 cm ~' ' further to the blue. The excited state displays a radiative lifetime of approximately 28 ps, corresponding to an absorption oscillator strength offzO.0003. Accordingly, it is thought that the transition corresponds to a spinforbidden doublet (S = l/2) to quartet (S = 3/2) transition, which is made allowed by spinorbit contamination, presumably in the upper state. A progression in a totally symmetric stretching vibration (w = 179.7 cm --') is obvious in the spectrum, along with a much weaker progression in another mode, which displays an interesting pattern of splittings. Although no assignment is absolutely unambiguous, various candidates are presented. The most likely of these assigns the system as an 2 4E ' +~x 'E ' transition in the DSh point group, with both the ground 2 'E ' and excited 2 'E' states undergoing Jahn-Teller distortion. The vibronic levels of the 2 4E' state have been fitted assuming a linear Jahn-Teller effect in a system with both spin-orbit splitting and a significant anharmonicity in the Jahn-Teller active e' vibrational mode. The combined effects of anharmonicity in the Jahn-Teller active mode and spin-orbit coupling appear not to have been previously investigated, they are therefore examined in some detail.
INTRODUCTION
The homonuclear coinage and alkali metal clusters are systems of intense theoretical'-'9 and experimental'9d2 interest, in part because their chemical bonding in the-ground electronic state is described rather simply by the interaction of a single s electron on each atom. The homonuclear trimers of these species are especially interesting for another reason as well. In D3h symmetry, the s orbitals of the constituent atoms may be combined to give a three-center bonding molecular orbital of a; symmetry and a doubly degenerate, slightly antibonding molecular orbital of e' symmetry. With three valences electrons, the ground electronic configuration is therefore a;'e", 'E '. According to the Jahn-Teller theorem, this state is orbitally degenerate and will therefore distort to a lower symmetry, removing the degeneracy in the process. For the homonuclear trimers, the distortion is from DJh to C,, symmetry, splitting the 'E' state (in D,, ) into 2d4, and 2B2 states (in CZU ) . This Jahn-Teller effect cannot occur in systems with fewer than three atoms, making the homonuclear alkali and coinage metal trimers the simplest examples of systems exhibiting this effect. As such, they are of great interest from both a theoretical and an experimental point of view.
In the preceding paper in this journal,43 experimental results on the mixed coinage metal trimer species Cu,Ag, Cu,Au, and CuAgAu were presented. These systems are expected to possess conical intersections in their ground potential energy surfaces, but unlike their homonuclear cousins, the location of the conical intersections cannot be predicted by symmetry alone. The situation is quite different in the case of the homonuclear alkali and coinage metal trimers, where a conical intersection must occur at the D,, geometry since the ground state is 2E ' under the D,, syminetry group. In the present paper, we extend the studies reported for the CuZ Ag, Cu, Au, and CuAgAu molecules43 to the homonuclear trimer Au,. Electronic band systems have been observed previously for Cu,32-37 and Ag3,38 so the present study completes the initial spectroscopic survey of the homonuclear coinage metal trimers.
Theoretical calculations for Au, using the diatomics-inmolecules method have predicted an obtuse Jahn-Teller distortion from the D,, ground state geometry, leading to a 'B, ground state. '**12 Ab initio investigations employing relativistic effective core pptentials in a complete active space selfconsistent field (CASSCF) procedure followed by configuration interaction uniformly give an obtuse angled 'BLB2 state lower in energy than the acute angled 2A, state, regardless of whether the 5d electrons are uncorrelated? or correlated in a complete active space self-consistent field/multireference single. and double excitation configuration interaction (CASSCF/MRSDCI) procedure with 420 000 configurations.14 The calculation in which the 5d electrons are uncorrelated, however, gives a linear, 2H,+ ground state to be slightly more stable than the obtuse 'B2 state, although both were found to be more stable than the acute 2A, state. l3 The 2B2 state was also found to be stabilized over the 2A1 state in a SCF-MCPF approach. 15 Experimentally, the neutral gold trimer has been isolated in a perdeuterobenzene matrix and observed using electron-spin resonance (ESR) spectroscopy. 39 The spectrum has been interpreted as being due to unpaired spin populations of 0.42 in the 6s orbitals on each of two equivalent gold atoms and a population of 0.06 in the 6s-orbital on the unique gold atom.39 Presumably the remaining unpaired spin density in this molecule resides in 6p and 5d orbital contribu-tions to the hyperfine parameters and these are too small to be detected. This is consistent with a 2B2 electronic structure, which would place the lone electron in an orbital of b, symmetry, with large (and opposite) amplitudes on two equivalent atoms and a node on the third, unique gold atom.39 Such an orbital would contribute to antibonding interactions between the two equivalent gold atoms and nonbonding interactions between each of these and the unique atom, leading to an opening up of the bond angle, giving an obtuse Jahn-Teller distortion. 39 This is consistent with all of the theoretical studies described above.
A. This is extended to include the possibility of significant spin-orbit coupling in Appendix B.
II. EXPERIMENTAL
The experimental method used in the present investigation combines resonant two-photon ionization spectroscopy (R2PI) with time-of-flight mass spectrometric detection (TOFMS) . The apparatus has been described in detail in a previous publication on the spectroscopy of Al, .47
Other experimental information on Au, is given by a high temperature mass spectrometric study of the Au + Au, *Au, equilibrium, which provides a third law estimate of the binding energy of 0: (Au,-Au) = 1.51 f 0.15 eV and. an estimate of the atomization energy of Au, as 3.80 f 0.13 eV.40 The binding energy of 0: (Au,-Au) = 1.51 + 0.15 eV is less than the bond strength of Au, given by D z (Au, 9 = 2.290 + 0.008 eV.44 This is expected, since the third valence electron of Au, goes into a somewhat antibonding orbital, presumably of b2 symmetry, thereby reducing the bond strength of Au, as compared to Au,. Optical spectra of Au, isolated in argon matrices have been reported at 471 and 292 nm by Klotzbiicher and Ozin,29 and more recently optical spectra of sizeselected gold clusters have been obtained by Harbich and coworkers by neutralizing a mass-selected beam of gold cluster ions and "soft landing" them in a rare gas matrix.41Z42 In the present study, we report a weak absorption system of gas phase Au, which has not been observed in any of these matrix isolation investigations.
Within the group I B elements, gold is particularly interesting because of the importance of relativistic effects. In very simple terms, the large nuclear charge on gold allows the electrons which penetrate close to the nucleus to reach speeds approaching the speed of light. As a result, the mass of these penetrating electrons undergoes a relativistic increase according to m = m, ( 1 1 u2/~) -*'2. Since the atomic scale of length is defined by the Bohr radius a, = @/mee2, a relativistic increase in the mass of the electron, m, , will lead to a corresponding relativistic decrease in the atomic scale of length. As a result, orbitals which penetrate close to the nucleus (including all s orbitals) undergo a relativistic contraction. On the other hand, nonpenetrating orbitals (such as-d andforbitals) are better shielded by the more contracted s orbitals and undergo a concomitant relativistic expansion, making them more accessible for chemical interactions. This relativistic effect makes the 6s orbital of gold smaller and less diffuse than the corresponding 5s orbital of silver, and for this reason Au, possesses a shorter bond length (2.4719 A)45 and greater bond strength (2.290 -&0.008 eV)& than does Ag, (2.5310 8L,46 1.65 f 0.03 eV 36).
The source chamber couples a pulsed laser vaporization of a metallic sample with a subsequent supersonic expansion using helium carrier gas. A 99.95% pure gold foil (25 X25 X0.5 mm, Alfa Products) was used as the metal target in the present investigation. This was rotated continuously and translated using a rotating disk mount similar to that described by O'Brien et aL4' The sample was vaporized using the second harmonic radiation from a Q-switched Nd:YAG laser (532 nm, z 15 mJ/pulse), focused to a spot approximately 0.5 mm in diameter. Atoms ejected from the surface of the target disk were carried down a small channel 2 mm in diameter and 2 cm in length by a pulse of helium carrier gas, which was timed to coincide with the firing of the vaporization laser. Following this region, the metal clusters and carrier gas entered an extension channel 6 mm in length, tapering from a 5 mm initial inside diameter down to a 1.5 mm exit orifice. This extension channel was found to increase the production of triatomic gold prior to expansion into vacuum and the small exit orifice promoted excellent supersonic cooling. As a result, low rotational temperatures and narrow vibronic bands were obtained. Approximately 8 in. downstream, the beam was collimated by a 5 mm skimmer, which also served to separate the relatively high pressure source chamber (2 X 10 -3 Torr) from the lower pressure interrogation chamber ( 1 X 10 -' Torr).
A brief experimental overview is presented in Sec. II. The spectrum of Au, -is reported in Sec. III, followed by a discussion of possible assignments in Sec. IV. A summary of our most important results then concludes the paper in Sec. V. Details of the effects of anharmonicity in an E Q e system undergoing a linear Jahn-Teller effect are given in Appendix
The interrogation region consisted of a Wiley-McLaren two-stage extraction assembly,49 a reffecting electrostatic field, and a dual microchannel plate detector. The molecular beam was first probed with a tunable dye laser, pumped by either the second or third harmonic output from a Qswitched Nd:YAG laser. This process allowed an investigation of excited electronic states in the spectral range from approximately 370 to 900 nm. Ionization was accomplished with a fixed frequency excimer laser (ArF, 193 nm, 6 .42 eV), which was chosen to have sufficient energy to photoionize excited states of Au,, but which could not photoionize the ground state of Au, in a one-photon process. Ions generated by the resonant two-photon process were then extracted in the Wiley-McLaren source and accelerated into a time-of-flight (TOF) tube. A reflectron assembly was used to improve the mass resolution, although this was unnecessary in the pfesent case because gold has only one naturally occurring isotope . 197Au A dual microchannel plate detector at the base of the second TOF tube then detected the ions. The resulting signal was amplified, digitized, and signal averaged as the dye laser wavelength was scanned, thereby allowing the spectrum to be recorded.
Excited state lifetime measurements were performed by time-delayed resonant two-photon ionization techniques.
By varying the interval between the excitation and ionization laser pulses, the exponential decay of the excited state population was probed. The resulting ion signal as a function of delay interval was fitted to extract the excited state lifetime using a standard nonlinear least-squares algorithm.50 III. RESULTS Figure 1 displays the low resolution R2PI vibronic spectrum of Aus, obtained using LDS 750 and 751 dye laser radiation in conjunction with ArF radiation as the photoionization laser. Although the entire visible, near infrared, and near ultraviolet regions of the spectrum were scanned, only one band system was observed. Accordingly, it is labeled as, the 2 +-x system.
The observation of the 2+x band system using ArF radiation to provide the second, photoionizing photon places the ionization potential (I.P.) of Au, in the range 6.42 < I.P. (Au, ) < 8.08 eV. Although this covers a broad range, it is in agreement with the scaled vertical I.P. obtained by Partridge et al. of 7.06 eV.19 In the scaling procedure employed by these authors, the correlation error which results from treating Nelectrons in the neutral and N -1 elec-.: trons in the ion is corrected empirically by scaling the calculated I.P. of Au, by the ratio of the known I.P. of atomic gold (Au) to the calculated value. This scaling method gives results for the ionization potentials of CuZ, CuAg, CuAu, and Au7 of 7. 90,7.62,8.81, and 9.41 eV,i9 .7806 f 0.0004,52 8.74 f 0.05,s3 and 9.20 f 0.21 eV,44 respectively. Assuming similar errors in the application of the scaling method to triatomic molecules, the I.P. of Au, probably falls in the range of 7.06 f 0.3 eV. Table I lists the observed vibronic bands and the measured excited state lifetimes determined for two of the upper state vibronic levels, which are 28.3 5-2.1 and 27.1 k 1.1 ,us. Assuming that the decay is dominated by fluorescence to the ground state, this excited state lifetime implies an absorption oscillator strength off= 0.0003, making the 2 c x band system very weak indeed, similar in oscillator strength to that found for the d 38,+ +X '2: transition of gold dimer.44 Undoubtedly, this explains the failure of all matrix isolation studies29.41*42 to observe this system in absorption. It also strongly suggests that the1 excited state is primarily quartet (5' = 3/2) in character, making the 2+gf"E' transition nominally spin forbidden.
The system shows a strong origin band at 13 354.15 cm -' with an obvious progression of strong, sharp bands of gradually diminishing intensity proceeding toward the blue. Between these strong features, a number of weaker features are found which show an interesting pattern of splittings, discussed in greater detail below. The origin band is labeled l,OO" and the strong, sharp members of the progression are labeled as 2, loo, 2i 20°, 1, 30°, and A,40°. Anticipating the assignment of the system as an 2 E'-z"E' system with spin-orbit splitting in the 2 state, this labeling scheme identifies the quantum numbers of the 2 state as follows: The prefix 2, identifies the upper level of the transition as the Bands labeled by 2, are assigned to the lower spin-orbit component, while the& bands are assigned to a higher spin-orbit component. The bending mode is excited with one quantum in the pair of bands near 13 400 cm .-' and these bands (which would be degenerate in the absence of a Jahn-Teller effect) are split. Near 13 460 cm-' are bands which correspond to excitation of the bending mode with two vibrational quanta, which are now split into a triplet of features by a combination of a Jahn-Teller effect and vibrational anharmonicity. All of the observed bands have been assigned and fitted tol model in which the upper state of the system undergoes a linear Jahn-Teller effect in combination with significant spin-orbit coupling and vibrational anharmonicity in the JahnTeller active bending mode. lower of the two observed spin-orbit components of the 1 state (I2 is reserved for the upper spin-orbit component); the first numeral indicates the number of vibrational quanta of the totally symmetric breathing mode excited in the upper state; the second numeral indicates the number of vibrational quanta of the doubly degenerate bending mode which are excited in the upper electronic state. The superscripts designate the vibrational angular momentum quantum number I to which the upper state correlates as the Jahn-Teller sphtting drops to zero, and the f sign designates whether the upper level of the transition corresponds to the higher ( + ) or the lower ( -) of the levels split by the Jahn-Teller ef-feet. Since all of the observed transitions originate from the ground vibronic level of the ground electronic state, the quantum numbers of the lower state are suppressed for simplicity. Tables I and II list all of the observed transitions along with some possible assignments, as discussed in Sec. IV below. The progression of strong, sharp bands is undoubtedly a progression in a totally symmetric mode of the molecule. Given that the origin band is as intense as the tist member of this progression, that the intensity of this main progression falls off rather quickly with higher vibrational quanta, and that the remaining bands are all very weak, the change in equilibrium molecular geometry which accompanies the electronic excitation cannot be very severe. With this in mind, it makes sense to consider the possibilities of a linear (Dmh ) to linear (Dmh ) transition, a bent (C,, ) to bent (C,, ) transition, and an equilateral (D,, ) to equilateral (D,, ) transition. These possibilities are explored further in Sec. IV below.
In addition to the progression in a totally symmetric vibrational mode; the spectrum shows a doublet of bands near 13 411 cm ' labeled x,01'* (about 57 cm--' above the J,OO' band) 'and a triplet of bands near 13 470 cm -' labeled 2 1 02'*' * (about 116cm-'abovetheA, OO'band) . (44) :;&&rved and fitted?frequencies are given in wave numbers (cm -' ) . ,,, CD,,, 'E'c -E' assignment, only the upper level of the transition is designated. Since all transitions originate from the ground vibronic level of the ground electronic state, this introduces no ambiguity. The numerals indicate the number of quanta excited in the totally symmetric breathing mode and the number of quanta excited in the bending mode, respectively. Superscripts denote the vibrational angular momentum quantum number Iand the f superscript denotes whether the state is thehigher ( + ) or lower ( -) of the Jahn-Teller components assockted with the state. For fit 2, the prefix A, indicates the lower spin-orbit component of the 1 state, while 1, indicates the higher spin-orbit component. Moreover, analogous doublets and triplets of bands are found built off the J,lO" and 6,20° bands, and a keen eye can discern a trace of the doublet built off the l,30° band. These additional features are spaced correctly to correspond to a single and a double excitation, respectively, in another normal mode. The splitting pattern is unusual, however, and may be used to make a preliminary assignment of the geometry and electronic character of the ground and excited states. In addition to these doublets and triplets, weak single features are found near 13 605, 13 784, and 13 964 cm -'. AS will be discussed below, these single features are the most perplexing features of the spectrum and their successful interpretation has required that the combined effects of spinorbit coupling, anharmonicity in the e' bending mode, and a linear Jahn-Teller effect be considered.
IV. POSSIBLE ASSIGNMENTS OF THE I%+-% TRANSITION IN Au,
A. Consideration of a linear (Da,,) + linear (Dmh) transition
Although most ab initio calculations are in agreement that the ground state of Au, derives from a Jahn-Teller distortion of an equilateral D,, 'E ' state,' 1,'214,15 lower levels of theory predict a linear "2,' ground state.r3 Is the observed spectrum consistent with this possibility? If the ground state were a linear '8,+ state, the totally symmetric, progressionforming mode would be the symmetric stretching vibration, and the much weaker doublet and triplet bands would have to correspond to excitations of the doubly degenerate bending mode. However, a single excitation of the doubly degenerate bending mode ( ZJ~ = 1) of a linear molecule in a B state leads to a doubly degenerate vibronic level (I = f 1) of II symmetry. No splitting of this doubly degenerate level is possible, except for Z-type doublings, which are rotationally induced and would be unobservable at this level of resolution in a jet-cooled molecule where only the lowest rotational levels are populated. On this basis, an 2 8, ~2 "2: assignment of the transition may be removed from consideration.
If the upper state were an orbitally degenerate state, such as a II, state, the situation would be somewhat more complicated. In such cases, the Renner-Teller effect leads to splittings of the uZ = 1 level, due to vibronic coupling of the vibrational angular momentum (I = 1) with the orbital electronic angular momentum (A = 1 for a II, state) .54-57 This leads to two vibronic levels of 2, symmetry and one vibronic level of A,, symmetry. However, if the transition is electroriitally IIg +-E, in nature, the only upper state vibronic levels which may be observed in allowed transitions from the ground level are of II, symmetry. Thus, although the excited bending levels of a 211p state are split by vibronic interactions, one would not expect to observe any of the v2 = 1 levels because of unfavorable selection rules.
From the measured excited state lifetime, it is likely that the upper state is primarily quartet (S = 3/2) in character, while a linear ground state would have to be "2,' in character. One might think that a combination of strong spin-orbit effects (which would be required to-induce an S = 3/2 +S = l/2 transition) and the Renner-Teller effect might somehow make the uZ = 1 levels observable. This cannot be the case, however, since the bending-mode is of r,, symmetry and therefore the u2 = 1 levels must always be opposite ing/u parity as compared to the u2 = 0 level. It will therefore never be possible to observe both the v2. = 0 and u2 = 1 levels in optical transitions from the same lower state in any molecule of D,, symmetry. On this basis, we may rule out the possibility of a linear (c-k > to linear (Dmh ) transition for the ;i +B system of Au,.
B. Consideration of a bent (C,,) c bent (C,,) transition
If the upper and lower states of the molecule were well described as bent (C,, ) structures, then one would expect two vibrational modes to belong to the a, irreducible representation and the third would belong to the b2 symmetry type. In an allowed electronic transition originating from the zero-point level of the ground state, the upper state must have a total vibrational symmetry of ,4 1. Accordingly, one would only expect to observe transitions of the type 1; 2'0 3ik occurring in the jet-cooled molecular beam. (The notation of 16 2i 3zk used here is the same as used in the preceding paperh3 and designates a transition in which mode 1 is excited from zero quanta in the ground state to i quanta in the excited state, while mode 2 is excited simultaneously from 0 to j quanta and mode 3 is excited simultaneously from 0 quanta in the ground state to 2k quanta in the excited state.) This situation can lead to apparent doublings and triplings of vibrational levels if the fundamental vibrational frequencies happen to exist in near whole number ratios, as was observed in the previous paper in the case of Cu, Ag.43 In the present case of the Au,, the progression-forming mode (mode 1) would be the highest frequency mode and the frequency of mode 2 would have to be nearly equal to twice the frequency of mode 3 (the b, mode) to account for the observed pattern of vibrational levels. If this were the case, then the 2; and 32 transitions would be nearly degenerate, accounting for the bands near 13 411 cm -'. Likewise, the 2;, 2;3:, and 3: bands would be nearly degenerate, accounting for the triplet of features near 13 470 cm -'. These doublets and triplets would be echoed at higher frequencies through their combinations with the l;, lz, and 1: bands. With suitable anharmonicities x0, the main progression and its attendant pattern of doublets and triplets of bands can be explained readily as a C2" + C,, transition. The results of two such fits are given in Table I .
Although both vibrational fits reproduce the observed band positions quite well, two problems remain with this assignment. First, is the requirement that the antisymmetric b2 mode (mode 3) have a frequency of 25-28 cm -I, which is necessary if one of the features near 13 411 cm -1 is to be assigned as the 3: band. Although metal molecules tend to have low vibrational frequencies, this value seems nearly out of the realm of reason. A second problem arises because the series of weak single features near 13 60513 784, and 13 964 cm ' remain unexplained. Of course, it is conceivable that these features correspond to a second electronic state (or a J. Chem. Phys., Vol. 95, No. 12,15 December 1991 higher spin-orbit component of this state), but it seems unlikely that they could arise from a totally different excited state since their spacing is virtually identical to the spacing of the 16 bands which make up the main progression. Finally, of course, ab initio theory predicts the ground state to be based on a Jahn-Teller distorted "E ' state, so examination of this possibility offers the greatest hope for explaining the spectrum. Thus, although the IS-R system can be partially accounted for as a C Zu t C,, transition, a few problems remaining with this assignment make it an unlikely one.
C. Consideration of an equilateral (D,,)tequilateral (&) transition
Finally, we must consider the Au, molecule as an equilateral triangle, which is the geometry most consistent with theoretical calculations. In D,, , the vibrational modes of the molecule consist of a totally symmetric a; breathing mode and a doubly degenerate e' bending vibration. It is this latter vibration which can couple vibronically with an orbitally degenerateE ' or E ' electronic state, leading to a Jahn-Teller distortion.'4V5860 The best theoretical calculations are in agreement that the ground state is a 'E ' state in D3,, symmetry, which undergoes a mild Jahn-Teller distortion to remove the degeneracy. I4715 These calculations are also in agreement that the "B2 component of the %' state is a true minimum, while the 2A1 component is a saddle point in the pseudorotation that converts the molecule from one of the three equivalent 2B2 minima to another.14V15 Since the electronic transition is undoubtedly induced by electric dipole radiation, one may consider upper states which may be reached by transitions polarized along the C, axis, or by transitions polarized perpendicular to this axis. The former case leads exclusively to "E" upper states, which will be Jahn-Teller active, while the latter case leads to 'A ; , 'A ;, and 2E' upper states, of which only the 'E' state is JahnTeller distorted.
Consideration of an A-2E @ c x2E' transition
The lowest level of the 2 2E ' ground state will always be an E ' vibronic level and parallel transitions out of this level to an upper state of 'E N symmetry can only go to E M vibronic levels. Thus, all of the totally symmetric vibrational levels of the excited 2E e state (which are of E p total vibronic symmetry) can be reached by this process, thereby explaining the strong features in the 2 t% spectrum. However, the lowest excited bending level, corresponding to an excitation of the e' bending mode with one quantum of excitation, interacts with the 'E " electronic state to produce A ;, A g, and E " vibronic levels (as given by the direct product of E V $r e' ) .58-co Although a splitting of this first excited bending level into three levels is expected, only the E A vibronic level may be accessed optically from the ground vibronic level of the ground electronic state. Therefore, if the transition were 2E 0 +'E ' in symmetry, no doubling would be expected in thebandnear13411cm-'.0nthisbasis,an~2Es+--~2Er transition may be excluded from consideration.
Consideration of A-2A ; c 2 2P or A-2A; c x 2E transitions
If the upper state were a nondegenerate 2A ; or 2A ; state, either of which could be accessed in a perpendicular transition from the ground 2 2E' state, the first excited bending level would remain doubly degenerate, having a vibronic symmetry of E '. Therefore, neither an 2 2A ; ~2 2E ' nor an 2 'A ' 2 +z2E' transition could give the observed doubling in the first excited level of the bending mode. These possibilities must therefore be removed from further consideration as well.
Consideration of an A-2EI~x 2E' transition
Finally, we consider the possibility of an 2 "E ' +-x 2E ' electronic transition, where once again both electronic states are subject to Jahn-Teller distortion. '860 In this case, the first excited bending level of the 2 "E ' state would be split into components according to the direct product of the electronic and vibrational symmetries E' o e', which gives vibronic levels of A I, A ; , and E ' symmetry. All of these may be accessed in an (x,y ) -polarized transition from the ground E ' vibronic level of the ground x 2E ' state, since the transition dipole operator in this case would transform as E ' and this interacts with an E ' ground level to allow optical transitions to levels of A ; , A 6, and E ' (E ' 8 E '> symmetry. One might therefore expect to observe a tripZet of features in the 13 411 cm ' band, in contrast to the doublet found in the spectrum of Fig. 1 .
Examples of the Jahn-Teller effect can be further classified, however, into cases where only a linear effect is observed and those with a significant quadratic effect. The E' 8 e' vibronic problem,5866 which is appropriate to the 2 'E ' and 2 "E ' states of Au,, is capable of showing both a linear and a quadratic Jahn-Teller effect. In the absence of quadratic effects, however, the A ; and A 1 vibronic levels (which always occur in pairs) remain degenerate. Thus, the observed doubling of the band at 13 411 cm -' is consistent with a linear Jahn-Teller effect, in which little or no quadratic effect is present. This would also imply little or no barrier to pseudorotation in the excited 2 2E ' state, since a quadratic Jahn-Teller effect is required to introduce threefold minima into the adiabatic potential energy surface.58-66 A Jahn-Teller effect would also lead to a splitting of the vibrational levels in which two quanta of the bending mode are excited. This level would split into an a; level and a degenerate e' pair of levels even in the absence of a JahnTeller effect, simply due to anharmonic effects in the molecule. When combined with a 2E ' electronic state, however, a further splitting is expected. The vibronic levels deriving from this vibrational state may be obtained by taking the direct product of the electronic symmetry ( 2E ' ) and the vibrational symmetry (a; ore') to obtain E ' (E' @ a; ) and E ', A ;, and A ; ('E ' B e') levels. Once again, if the Jahn-Teller effect is induced solely by linear coupling the A ; and A 1 levels will remain degenerate, leading to a set of three distinct vibronic levels. This is in exact correspondence with the observed spectrum, where the band near 13 470 cm -' is split into a triplet of features.
The small splittings observed in the excited bending levels of the A excited state of Au, would imply a small JahnTeller effect in which it might be expected that the secondorder perturbation treatment first performed by Moihtt and Thorson61 could account for the splittings. However, this theoretical treatment predicts equal splittings for the doublet of levels arising from one quantum of bending excitation and for the triplet of levels arising from two quanta of bending excitation. From Table I , it is clear that this is not the case in the2 state of Au,, since the splitting within the doublets averages about 3.5 cm-', while the average spacings between components of the triplet are 7.9 and 11.7 cm-'. According to Moffitt and Thorson,'* Child,62 and Herzberg,54 the energies of the bending levels with v2 bending quanta and a vibrational angular momentum 1 are given by strating clearly that anharmonicity can cause the observed splittings to become nonuniform. With this derivation in hand, the secular equation (A7) has been used in a nonlinear least-squares fitting processso to fit the observed energy levels to the anharmonic linear Jahn-Teller model. The energies of the vibronic levels of the 2 state obtained in this matrix diagonalization have been added to a constant To to fit the observed transition frequencies. As is evident in Table II , the vibronic levels are very well reproduced with the fit and all parameters take on reasonable values.
where only the upper signs are used for the case I = 0 and D is a coupling parameter defined in such a way that DC+ is the difference in energy between the energy minimum of the potential energy surface in the Dsh geometry and the absolute energy minimum when a Jahn-Teller distortion to a C,, geometry occurs. With this formula, it may be readily verified that the splittings expected in the v, '= 1 and v2 = 2 levels are 4Dw,. Since the measured splittings vary between 3.5 and 11.7 cm -I, this implies an energy stabilization of the distorted C,, molecular geometry over the equilateral D,, molecular geometry of about l-3 cm -'. Clearly this would be a very minor Jahn-Teller effect indeed, despite its rather dramatic effect on the appearance of the spectrum.
The analysis of the A+zband system of Au, in terms of a linear Jahn-Teller effect with significant anharmonic effects is satisfying because it explains the spectrum in terms of weak effects which are expected in molecules of this type. However, there is one glaring flaw in this analysis-the series of single features near 13 605, 13 784, and 13 964 cm -' remain unexplained. These fall in a region close to the expected positions of bands terminating on the v2 = 4 levels, but there is no reason to expect that the splittings in the v2 = 4 levels should vanish. Indeed, the Jahn-Teller fit of the-other bands predicts that the v2 = 4 levels are split into five levels differing in energy by 70 cm -' . This is completely unlike the observed spectrum, where only a series of single features are obtained. It is also difficult to understand why a series of transitions termmating on v2 = 4 should be observed so clearly while those terminating on v2 = 3 are completely absent from the spectrum.
As mentioned above, however, the perturbation treatment predicts equal splittings, while our observed splittings vary by a factor of 3. Moreover, Child states that this treatment should be valid when D < 0.5.62 Given an approximate value of w2 of 54 cm -I, the observed splittings in the doublets would imply Dz 0.016, which falls well within the range of applicability of Child's criterion. On the face of it, the variation in our measured splittings would appear to rule out an explanation of the vibronic structure of theZJ state of Au, based on a Jahn-Teller effect. One important aspect has been neglected in the derivation of Moffitt and Thorson61 however. These authors have ignored the anharmonic aspects of the bending mode and it is precisely these anharmonic effects which lead to a splitting of the doubly excited bending level (v, .= 2) into a; .-and e' vibrational levels in nondegenerate electronic states, such as a 'A ; state in the D,, point group. If such splittings are of importance when Jahn-Teller effects are absent, it would be a mistake to expect them to vanish when the Jahn-Teller effect is present. In a quantitative treatment of the linear Jahn-Teller effect in an E' Q e' vibronic problem, these anharmonic splittings would be expected to be most important when the Jahn-Teller stabilization is comparable in magnitude to the anharmonic splittings. This is precisely the situation in the present example.
A possible explanation for these extra bands is that they correspond to an excited spin-orbit component of the2 state lying about 250 cm -' above the lower spin-orbit level. Such a possibility is enticing, because it establishes a connection between these extra features and the fitted bands, and can therefore explain why the intervals between the extra bands are the same as those found in the main progression. If this assignment is to be considered, however, the previous fit (which omits the extra bands and ignores spin-orbit coupling) must be completely redone. It is well-known that the spin-orbit effect tends to quench the Jahn-Teller effect in systems with half-integral spin, so a much larger linear Jahn-Teller effect will be required to explain the spectrum if spin-orbit coupling is invoked.54*67 At the same time, Ham6* has shown that the Jahn-Teller effect can dramatically reduce the magnitude of the spin-orbit coupling, resulting in what is termed the Ham reduction or Ham effect.58,60 Thus the two effects tend to suppress one another with the Jahn-Teller effect reducing the magnitude of the spin-orbit coupling and the spin-orbit splitting reducing the splittings resulting from a given linear Jahn-Teller parameter D.
Appendix A presents a derivation combining the effects of anharmonicity and a linear Jahn-Teller effect, demonAppendix B presents a derivation combining the effects of spin-orbit coupling, anharmonicity in the Jahn-Teller active mode, and a linear Jahn-Teller effect in the E 8 e vibronic problem. With this derivation in hand, the secular equation (B8) has been used in a nonlinear least-squares fitting proces$' to obtain a fit of the observed energy levels. The energies of the vibronic levels of the 2 state obtained in this matrix diagonalization have been added to a constant To to fit the observed transition frequencies. As is evident in Table II , the fit is quite good, reproducing all of the observed J. Chem. Phys., Vol. 95, No. 12,15 December 1991 bands to within 2 cm -'. Moreover, the vibrational constants are reasonable, lending further credence to the assignment of the system as an 2 E '+-F'E' system, in which both the upper and lower states undergo a Jahn-Teller effect.
In this fit, the spin-orbit splitting of the 2 % ' ground state is assumed to be negligible. Despite the large magnitude expected for spin-orbit effects in a heavy ~element such as gold, this assumption is not unreasonable. First, the ground state of Au3 undoubtedly derives from the interaction of three 5d l"6s* , 2S 1,2 ground state atoms. Thus, there is no electronic orbital angular -momentum in the ground state (and as a result there can be no spin-orbit splitting), except to the extent that an admixture of higher-lying electronic configurations may contribute to this state. Second, the small residual spin-orbit splitting of the ground electronic state deriving from an admixture of higher electronic configurations will still be subject to the Ham reduction effect, resulting in a further diminishment of the spin-orbit splitting. The combination of both effects may well reduce the spin-orbit splitting of the ground state to a negligible value.
The observation of the series of weaker singlet features in the 2 state and their assignment to an excited spin-orbit level of this state implies a much greater spin-orbit splitting in this state. This should come as little surprise, since the excited 2 state undoubtedly possesses some character associated with the promotion of a 5d electron to a 6s orbital, at least on one of the atoms. Given a spin-orbit parameter of cAAu (5d) = 5097 cm -' for the free atom,6Y it is obvious from the fit that the Ham reduction effect leads to a serious diminishment of this value in the 1 state of Au,.
Finally, it should be noted that although Appendix B deals with the case of spin-orbit coupling in a Jahn-Teller active 'E state, very similar effects are expected in Estates of higher multi@icity. With the very long fluorescence decay times of the A state in mind, the A state may tentatively be assigned as a 4E' state, with a spin-orbit splitting of approximately 229 cm -'. A 4E ' state cannot arise from excitation of the (T framework, as in an a;'e" t ai2e'l excitation, since the a;1er2 configuration can only give 2A ; , 2A ;, "E ', and 4A ; molecular terms. Presumably the 2 4E' state then derives from excitation of a 5d electron on one of the gold atoms into the 6s-based e' orbital, giving an electron configuration for the 2 state of 5d z 5d g5d Ea;2erL. The 2 excited state then undoubtedly borrows oscillator strength for the 2 4E ' +-g 'E ' transition from a doublet (5' = l/2) state. The difference in absorption intensity for the upper and lower spin-orbit components of the 2 state which is evident in Fig. 1 presumably reflects the details of the intensity borrowing mechanism, which ma.y well be dependent on the spinorbit level.
V. SUMMARY
A complicated vibronic band system, designated as the '2 62 system, has been observed in Au, using the resonant two-photon ionization technique. Based on the long (28 ps) lifetime of the upper state, it is assumed that the transition is primarily doublet (S = 11'2) to quartet (S = 3/2) in character. The spectrum is dominated by a progression in a single totally symmetric mode, which is presumably the a; breathing mode of an equilateral, D,,-based structure. A short, weak progression in a second normal mode is also observed, with the first member split into a doublet and the second member split into a triplet of features. Finally, another series of single bands is also found, with the same spacing as the main progression, but lying some 250 cm = r higher in energy* Various possible assignments for the upper and lower states have been considered and it is concluded that the band system is best described as an 2 4E' +?"E ' transition, where both the upper and lower states undergo a Jahn-Teller distortion. Since all of the observed transitions originate from the ground vibronic level of the ground electronic state, little can be ascertained about the ground state. On the other hand, 25 vibronic levels have been observed for the2 excited state and these have been fitted assuming that the excited 4E ' state undergoes a linear Jahn-Teller effect with spin-orbit splitting and significant anharmonicity in the Jahn-Teller active, doubly degenerate bending mode. This has required an examination of the combined effects of spin-orbit coupling and anharmonicity in the Jahn-Teller active mode, which appears not to have been previously investigated; accordingly these effects have been examined in some detail.
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APPENDIX A: THE LINEAR E @e' JAHN-TELLER EFFECT WITH ANHARMONIC EFFECTS
Longuet-Higgins et al. have provided an excellent description of the E Q e vibronic problem, with the clarity of exposition one would normally expect from a textbook.62 These authors consider the motion of an electron on a deformable ring and show that the doubly degenerate electronic state characterized by an electronic orbital angular momentum of f 1 can be considered in an electronic basis in which the electron moves with either positive ($& ) or negative ($& ) angular momentum. Since both electronic states become degenerate at the Dsh geometry, it is necessary to consider the total vibronic wave function to have contributions from both electronic states, giving a total vibronic wave function of the form y = Gb (~d>$iec + ? Kh (~9~Wei, 7 (AlI where r and 4 represent the magnitude and phase of the displacement of the atoms in the doubly degenerate bending vibration. This differs from the standard Born-Oppenheimer or adiabatic treatment in that two potential energy surfaces are considered explicitly and are treated on an equal footing.. In the absence of Jahn-Teller and anharmonic effects, the doubly degenerate bending vibration would be well described by the two-dimensional isotropic harmonic oscil-later wave functions of Pauling and Wilson7o or of Townes and Schawlow,'r which we denote here by x",,, (r,4) , where x n.m (r,d> = ~,,p~"l exp( -p2/2)~$~2~~n+ImL~ (p2)eim4,m (A2) where n = 0,1,2 ,...; m = n, n -2 ,..., -n; N,, is a normalization constant; p is a reduced displacement coordinate which is proportional to r; and t7 !:A, CR + ,m, ) is an associated Laguerre polynomial.71 Here IZ gives the number of quanta of vibrational excitation in the doubly degenerate vibrational mode and m represents the vibrational angular momentum quantum number. Note that the vibrational quantum number IZ defined by Longuet-Higgins et aI.62 is equal to that used here plus one. 
The off-diagonal terms involving e * i+ lead to couplings between vibrational basis wave functions differing by one unit in m and this leads to the splitting of vibronic levels in the E o e vibronic problem. The vibrational amplitudes e,$, (r,4> and ?&, (r,4) may then be expanded in terms of the two-dimensional isotropic harmonic oscillator basis functions (A2) to obtain a final set of coupled equations (A5) The explicit matrix formulation given by Fq. (A4) is amenable to numerical calculations and may also be solved to second order in perturbation theory to obtain the energies given by Eq. (4.1) , where k ' has been replaced by 20, as is used by Child.& It is the aim of this Appendix to generalize these results to a case in which the anharmonicity of the doubly degenerate bending mode exerts a comparable influence on the vibronic energy levels as does the linear Jahn-Teller effect. In such a case, one may replace the diagonal matrix elements in Eq. (A4) by the energy of the anharmonic doubly degenerate bending oscillator, which is given as G(U2,O =w(u, + 1) +x(4 + l> '+gZZ, (A(i) wherex andg provide the anharmonic corrections to the energies and the vibronic coupling is still taken to be given by the offdiagonal terms in Fq. (A4). With this modification, the secular equation associated with Eq. (A4) becomes
where F(n) is given by F(n) = (n + 1)~ + (n + 1)'~.
(A81 Since each zeroth-order state is coupled to at most two other states in Eq. (A7), it is a simple matter to obtain estimates of the solutions EP to Eq. (A7) by second-order perturbation theory. For a given value of m (0, 1, 2, etc.), the solutions to Eq. (A7) may be ordered according to energy by an index p, giving the following energies which are correct through second order in perturbation theory, where k 2 has again been replaced by 20: Identifying the coefficient of g as 1 2 and the coefficient of w as u + 1, the lowest vibronic levels u' are obtained as listed in Table III . This table demonstrates that when Dw and g are of similar magnitudes, the v = 2 triplet of levels will be asymmetrically split. This is in agreement with our observed spectrum.
APPENDIX B: THE LINEAR p@e' JAHN-TELLER EFFECT WITH ANHARMONIC EFFECTS
In Appendix A, the effects of anharmonicity were combined with the linear Jahn-Teller effect to demonstrate that anharmonic effects can lead to nonuniform splittings in the vibronic levels of a 'E molecule in Dxh symmetry. In this appendix, these results are further generalized to include the spin-orbit interaction as well. A nice discussion of the effects of spin-orbit coupling in the E o e vibronic problem has been given by Chau and Karlsson67 and this provides the starting point for the present development.
In the linear Jahn-Teller effect in a 'E state in the D,, point group, it was necessary to consider two electronic states with positive and negative values of the component of electronic orbital angular momentum along the C, axis and these were designated by Jt,t,, and $&, respectively. In a 2E ' molecule, these must be combined with the spin of the unpaired electron to give four distinct electronic states designated by &$,a, $&a, @&$, and 7,8&P, respectively. One might consider the most general formulation of the total (vibrational plus electronic) wave function to then consist of four terms, giving where the spin-orbit energy of the q&a and $&p electronic states is given by -5/2, while that of the $,&a and $5&p states is given by + c/2. An important new feature of this secular equation is that the linear Jahn-Teller portion of the Hamiltonian couples one spin-orbit component to the other, but causes no direct coupling within the vibrational levels of a particular spin-orbit component. As a result, large spin-orbit interactions (f,w) cause the Jahn-Teller splittings to be reduced, since the energy difference between the coupled levels is governed by the magnitude of <.
This secular equation (B2) 
This form is well suited for numerical computations, since the matrix is already in tridiagqnal form. In addition, since each zeroth-order state is coupled to at most two other states, it is a simple matter to obtain estimates of the solutions to Eq. (B8) by second-order perturbation theory, precisely as was done in Appendix A. With the replacement of k 2 with 20, this gives 
In E!q. (B lOa), the k signs have been reversed to establish the convention that the upper/lower signs refer to the upper/lower spin-orbit level (assuming c> 0). Identifying the coefficient of g as 2 2 and the coefficient of w as u + 1, the lowest vibronic levels v1 are obtained as listed in Table IV. 
